Arabidopsis ASYMMETRIC LEAVES2 (AS2) plays a critical role in leaf adaxial-abaxial partitioning by repressing expression of the abaxial-determining gene ETTIN/AUXIN RESPONSE FACTOR3 (ETT/ARF3). We previously reported that six CpG dinucleotides in its exon 6 are thoroughly methylated by METHYLTRASFERASE1, that CpG methylation levels are inversely correlated with ETT/ARF3 transcript levels and that methylation levels at three out of the six CpG dinucleotides are decreased in as2-1. All these imply that AS2 is involved in epigenetic repression of ETT/ARF3 by gene body DNA methylation. The mechanism of the epigenetic repression by AS2, however, is unknown. Here, we tested mutations of NUCLEOLIN1 (NUC1) and RNA HELICASE10 (RH10) encoding nucleolus-localized proteins for the methylation in exon 6 as these mutations enhance the level of ETT/ARF3 transcripts in as2-1. Methylation levels at three specific CpGs were decreased in rh10-1, and two of those three overlapped with those in as2-1. Methylation levels at two specific CpGs were decreased in nuc1-1, and one of those three overlapped with that in as2-1. No site was affected by both rh10-1 and nuc1-1. One specific CpG was unaffected by these mutations. These results imply that the way in which RH10, NUC1 and AS2 are involved in maintaining methylation at five CpGs in exon 6 might be through at least several independent pathways, which might interact with each other. Furthermore, we found that AS2 binds specifically the sequence containing CpGs in exon 1 of ETT/ARF3, and that the binding requires the zinc-finger-like motif in AS2 that is structurally similar to the zinc finger-CxxC domain in vertebrate DNA methyltransferase1.
Introduction
Organ development in multicellular systems is controlled not only by the activation of a new genetic program but also by the repression of the previously functioning program that is mostly controlled by epigenetic systems. A developmental process of the Arabidopsis leaf having adaxial-abaxial (dorsal-ventral) polarity that is epigenetically regulated by the repressor complex ASYMMETRIC LEAVES1 (AS1)-AS2 (Guo et al. 2008 , Yang et al. 2008 , Iwasaki et al. 2013 , Lodha et al. 2013 ) is a model to study such positive and negative controlling programs (Machida et al. 2015) . AS1 and AS2 proteins are localized to the nucleoplasm, but some speckle-like AS2 bodies are found in regions adjacent to and sometimes inside the nucleolus , L. , suggesting a potential role for AS1 and AS2 in gene silencing through nucleolus-associated events.
Leaves develop as lateral organs from the peripheral zone of a shoot apical meristem. Initially, a group of cells is patterned along the proximal-distal axis establishing the adaxialabaxial axis, which is crucial for further leaf development.
Plant Cell Physiol. 59(7): 1385-1397 (2018) doi:10.1093/pcp/pcy031, Advance Access publication on 5 February 2018, available FREE online at www.pcp.oxfordjournals.org ! The Author(s) 2018. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com Subsequent cell proliferation along the medial-lateral axis results in flat and mediolaterally symmetric leaves. The AS1-AS2 complex regulates the proper confinement of the stem cell fate and adaxial development. At an initial step of leaf development, the abaxial identity appears to proceed by the expression of abaxial-determining genes such as ETTIN/AUXIN RESPONSE FACTOR3 (ETT/ARF3), ARF4 (a functionally redundant gene of ARF3) and FILAMENTOUS FLOWER/YABBY (FIL/YAB) in shoot apices (Eshed et al. 1999 , Sawa et al. 1999 , Eshed et al. 2001 , then the adaxial (dorsal) domain is allowed to develop through the repression of these abaxial genes by the AS1-AS2 complex , Yang et al. 2008 , Iwasaki et al. 2013 . The complex directly binds the promoter region of the ETT/ARF3 gene and represses its expression. In addition, AS1-AS2 also indirectly represses the expression of ETT/ARF3 and the functionally redundant gene ARF4 through activating the miR390-tasiR-ARF pathway, essential for adaxial development. Our recent study (Iwasaki et al. 2013) showed that all six CpG sites in exon 6 of the ETT/ARF3 coding region are highly methylated and that levels of methylation at three of the CpG sites are decreased in the as2-1 mutant, suggesting that AS2 is involved in maintenance of methylation at these sites. The CpG methylation at all six sites of exon 6 is abolished in the mutant of METHYLTRANSFERASE1 (met1-1) (Iwasaki et al. 2013 ) responsible for maintenance of CpG methylation (Ronemus et al. 1996) , and ETT/ARF3 transcript levels in shoot apices of met1-1 are higher than those of Col-0 (wild type) (Iwasaki et al. 2013) . These results suggest an inverse correlation between the levels of CpG methylation in the ETT/ARF3 gene body and levels of ETT/ARF3 transcripts.
Many factors (so-called modifiers) are involved in leaf adaxialization in an AS1-AS2-dependent manner. In the as1 or as2 mutation background, various modifier mutations have been identified that markedly enhance the defects of adaxial development to generate abaxialized filamentous leaves with loss of the adaxial domain. Causative mutations occur in genes that are involved in the biogenesis of small RNAs, chromatin modification and cell cycle progression (Machida et al. 2015) . Mutations or disruptions of some ribosomal protein genes (Pinon et al. 2008 , Yao et al. 2008 , Szakonyi et al 2010 , Horiguchi et al. 2011 , Szakonyi and Byrne 2011 and genes for ribosome biogenesis, such as nucleolar RNA HELICASE10 (RH10) and NUCLEOLIN1 (NUC1), an abundant nucleolar protein involved in various molecular processes in the nucleolus (Matsumura et al. 2016) , also act as modifiers of the as1 and as2 phenotypes. These findings suggest that AS1-AS2 and modifier proteins act co-operatively on adaxial development through epigenetic repression of the ETT/ARF3 and ARF4 genes. How the co-operative repression of the ETT/ARF3 transcript levels and the levels of MET1-dependent CpG methylation in exon 6 of ETT/ARF3 are correlated, however, remains to be demonstrated.
AS2 encodes a nuclear protein made up of 199 amino acid residues. It has a plant-specific AS2/LOB domain comprising 99 amino acid residues near the N-terminus, which is conserved in all of the other 41 members [designated AS2-LIKE/LOB-DOMAIN proteins (ASL/LBD proteins)] that belong to the AS2/LOB protein family (Iwakawa et al. 2002 , Shuai et al. 2002 , Matsumura et al. 2009 ). The AS2/LOB domain (socalled AS2D) of AS2 contains a zinc-finger-like motif including four cysteine residues [ZFL-motif: formerly designated the C-motif or C-block (Iwakawa et al. 2002 , Shuai et al. 2002 ] at the N-terminus. The ZFL-motif of AS2 is similar, in terms of the cysteine-repeat pattern, to some extent to the zinc-finger motifs of CxxC Finger Protein 1 (CFP1) and DNA methyltransferase1 (Dnmt1), which are members of a family of ZF-CxxC domain-containing proteins in vertebrates (Xu et al. 2011 , Clouaire et al. 2012 , Long et al. 2013 ) and have the capacity to bind non-methylated, hemi-methylated and/or methylated CpG (Long et al. 2013 , Brown et al. 2017 . Intervals between the cysteine residues in the ZFL-motif are perfectly conserved in all 42 members of the AS2/LOB protein family. AS2 domains of AS2 and some ASL/LBDs are capable of binding to a highly conserved specific DNA sequence (Husbands et al. 2007 ). Although AS2 is involved in maintenance of CpG methylation of the ETT/ARF3 gene body (Iwasaki et al. 2013) , it is not known, however, whether the AS2 protein could bind CpG sequences in the ETT/ARF3 gene.
In the present study, we found that RH10 and NUC1 are also involved in the maintenance of cytosine methylation at several different specific CpG sites in exon 6 of ETT/ARF3, implying the involvement of multiple pathways mediated by these factors in CpG methylation. Results of analyses of the as2 rh10 and as2 nuc1 double mutants suggest that pathways mediated by AS2 and these nucleolar modifiers interact with each other for maintenance of the CpG methylation status in exon 6. We also report that the AS2 protein binds the short sequence containing the CpG repeat in exon 1 of ETT/ARF3. The ZFL-motif of AS2 is essential for this binding. Since the AS2/LOB protein family seems to be found specifically in plants, the present study might represent the plant-specific CpG methylation system. There might be similar mechanisms, however, for the methylation systems in plants and animals because AS2 can bind to CpG sequences, and is involved in maintaining CpG methylation mediated by MET1 that is a homolog of Dnmt1 of vertebrates.
Results
Co-operative action of AS2 and NUC1 plays a role in leaf polarity establishment through a function of ETT/ARF3
The as2-1 nuc1-1 mutant efficiently formed abaxialized filamentous leaves, and transcript levels of the genes, ETT/ARF3, ARF4, KANADI1 (KAN1), KAN2, FIL and YAB5, that are involved in leaf abaxialization are increased by 2-to 4-fold in as2-1 nuc1-1 (Matsumura et al. 2016) . In the present study, we confirmed the efficient formation of filamentous leaves in the as2-1 nuc1-1 double mutant: all the plants with the double mutation generated filamentous leaves (Fig. 1A, B) . We then examined the effect on the leaf phenotype of introducing a loss-of-function mutation (ett-13) into the double mutant. Fig. 1B shows that ett-13 alleviated the abnormal leaf phenotype of as2-1 nuc1-1: eight out of 23 plants with the as2-1 nuc1-1 ett-13 triple mutation (35%) generated filamentous leaves. Filamentous leaves were not observed in any single mutants. These results suggest that a co-operative action of AS2 and NUC1 plays a role in repression of ETT/ARF3 gene expression and the formation of flat symmetric leaves through a function of ETT/ARF3 in the wild-type plant.
AS2, RH10 and NUC1 maintain cytosine methylations at specific sets of CpG sites in exon 6 of ETT/ARF3
The AS1-AS2 complex is involved in the maintenance of DNA methylations in exon 6 of the ETT/ARF3 gene (Iwasaki et al. 2013) . CpG sites in only exons 6, 9 and a part of 10 in the ETT/ ARF3 locus are methylated in Col-0 (Zhang et al. 2006 , Cokus et al. 2008 . Since all six CpG sites of exon 6 were highly methylated (>82% at each site) ( Fig. 2A, C) and CpG sites of exons 9 and 10 were partially methylated, we intensively examined the effects of as2-1, rh10-1 and nuc1-1 mutations on the level of methylation at each CpG site in exon 6 in the present study. We prepared genomic DNAs from above-ground parts of 14-dayold Col-0 and mutant plants and measured the proportion of the methylated CpG dinucleotide at each site of exon 6 by bisulfite next-generation sequencing (NGS; see the Materials and Methods; Supplementary Table S1). As shown in Fig. 2B , the average levels of CpG methylations in exon 6 in as2-1, rh10-1 and nuc1-1 were decreased to 57.8, 60.5 and 60.1%, respectively.
As shown in Fig. 2C , D, some similarities in terms of patterns of the reduction of methylation levels were observed between as2-1 and rh10-1. On the other hand, the pattern of the reduction in the nuc1-1 mutant was different from those of as2-1 and rh10-1. In both as2-1 and rh10-1, methylation levels were reduced at three methylated CpG sites. Methylation levels at two CpG sites (6d and 6f) were decreased in both mutants: those at 6f were greatly decreased in both as2-1 (3.8%) and rh10-1 (1.3%); those at 6d were decreased moderately in both as2-1 (40.3%) and rh10-1 (41.0%). Levels of methylation were decreased moderately at 6c (48.1%) and 6e (53.2%) sites in as2-1 and rh10-1, respectively, showing the mutant-specific reductions in methylation at these two sites. Levels of CpG methylation in nuc1-1 were greatly decreased at 6a (0.7%) and moderately at 6c (15.7%), which was distinct from the reduction pattern of the methylated CpG in rh10-1. The reduction at 6c was also observed in as2-1. Note that the methylation at, at least, one out of six methylated CpG sites (6a or 6f) in exon 6 was almost completely abolished in each of the single mutants. The methylation at 6b was not affected by any mutation tested.
We further analyzed levels of methylated CpGs in exon 6 in as2-1 rh10-1 and as2-1 nuc1-1 double mutants (Fig. 2C, D) . Methylation levels at four sites (6a, 6c, 6d and 6f) in as2-1 rh10-1 were reduced: those at three sites (6c, 6d and 6f) in as2-1 and those at two sites (6d and 6f) in rh10-1 single mutants were reduced in the double mutant. It is worth noting that the methylation level at 6a was greatly reduced by 26.6% and that at 6d was further reduced (26.4%) in the double mutant. Thus, the number of affected CpG sites at which levels of cytosine methylation were reduced, was increased and levels of the methylation at 6a and 6d were markedly decreased in as2-1 rh10-1 compared with those in each single mutant. In contrast, the reduced methylation at 6e in the rh10-1 single mutant (53.2%) was rescued by as2-1 (86.2%) in the double mutant. Methylation at 6f was consistently abolished in the double mutant.
Methylation levels in as2-1 nuc1-1 were reduced at three sites including 6d in addition to sites 6a and 6c that were affected by the nuc1-1 single mutant. In addition, methylation levels at sites 6e and 6f were significantly reduced (80.9% from 92.4% and 78.4% from 88.5%, respectively) in as2-1 nuc1-1 compared with those in Col-0. Thus, the overall number of the affected CpG sites at which methylation levels were reduced was increased in the as2-1 nuc1-1 double mutant compared with each single mutant. In addition, it is worth noting that the severe reduction (3.8%) in methylation at 6f by as2-1 was clearly rescued by nuc1-1 in the as2-1 nuc1-1 double mutant (78.4%).
In summary, the present results described above have shown that AS2, RH10 and NUC1 are involved in maintenance of methylation at five out of six CpG sites in exon 6. Each of the pathways mediated by these genes might be differentially involved in maintenance of several specific combinations of CpG sites, but some pathways might overlap at least partially. For example, the pathway for 6f might be controlled by both AS2 and RH10. Since the level of methylation at 6a was severely reduced in the as2-1 rh10-1 double mutant, two independent and parallel pathways that might be mediated by AS2 and RH10, respectively, might be involved in the methylation at this site. The result of as2-1 nuc1-1 suggests that AS2 and NUC1 might interact negatively with each other in the context of the methylation at 6f. These results imply that the CpG methylation in exon 6 might be supported by differential actions of AS2, RH10 and NUC1.
The AS2 domain specifically interacts with the short sequences containing three CpG repeats in exon 1 of ETT/ARF3
The ZFL-motif of AS2 is similar, with respect to the pattern of the cysteine repeat, to the zinc-finger (ZF) motif of a ZF-CxxC domain protein family in vertebrates (Xu et al. 2011 , Clouaire et al. 2012 , Long et al. 2013 , which has the capacity to bind non-methylated CpG islands (Long et al. 2013 , Brown et al. 2017 . We tested the recombinant AS2 proteins synthesized in vitro by the wheat germ system for binding to the ETT/ ARF3 coding region through the AlphaScreen (amplified luminescent proximity homogeneous assay screen) system.
Model experiment. Since the AS2 domain in AS2 (designated AS2D) has been shown to bind double-stranded DNAs (dsDNAs) containing the sequence 5'-GCGGCG-3' as the core motif (Husbands et al. 2007 ), we first carried out model experiments using the wild-type AS2D protein, which was tagged with FLAG at the C-terminus (designated AS2D-FLAG) (Fig. 3A) , and the biotinylated and non-biotinylated dsDNAs of 50 nucleotides as potential binding targets, shown in Fig. 3B . These DNAs included a polynucleotide containing a single core motif (designated Core); that containing its mutant (designated Mcore); those containing two core motifs in two types of palindromic organizations (designated Palindromes 1 and 2); that containing two core motifs in the direct orientation (designated Core repeat); and that containing two mutated core motifs in the direct orientation (designated Mcore repeat). We also used the mutant AS2D-FLAG protein, in which four conserved cysteine residues in the ZFL-motif were replaced with alanine residues [designated as2(4CA)D-FLAG] (Fig. 3A) . We used these proteins and synthetic DNAs to examine whether interactions of these proteins with the synthesized DNAs could be detected by the AlphaScreen system, as described in the Materials and Methods. In our experiments, if AS2D-FLAG binds to the biotinylated target DNA that we synthesized, fluorescent signals from the acceptor beads should be highly amplified. When non-biotinylated DNAs are used, signals might not be amplified.
As shown in Fig. 3C , only when the AS2D protein and the Core repeat were incubated was the high relative signal value (biotin DNA/non-biotin DNA) detected (at a ratio of 3.5). When AS2D and other DNAs including the Mcore repeat were incubated, the detected signals were lower than 1.5. When all combinations of the as2(4CA)D-FLAG protein and these DNAs were incubated, the relative signal values were constantly lower than 1.6. Thus, the direct repeat of the core motif and the wild-type ZFL-motif of the AS2D protein are both necessary for the generation of the detectable signal levels Four cysteine residues in the zinc-finger-like (ZFL) motif were substituted with alanine residues in the as2(4CA) mutant. AS2D in this mutant was designated as2(4CA)D. AS2D and as2(4CA)D were fused to FLAG tags to generate the AS2D-FLAG and the as2(4CA)D-FLAG, respectively. These fusion proteins were synthesized by using the wheat germ protein synthesis system as described in the Materials and Methods. (B) Sequences of synthetic polynucleotides used for the AlphaScreen system. Sequences of only one strand are shown, although dsDNAs were synthesized. The sequences in bold in the polynucleotides represent the core binding motif of the AS2 domain (Husbands et al. 2007 ) and its mutated motifs. See details in the text. The synthetic polynucleotides shown here were biotinylated at the 5' ends. Non-biotinylated polynucleotides and complementary strands were also synthesized. (C) Interactions between AS2D-FLAG [or as2(4CA)D-FLAG] and biotinylated dsDNAs listed in (B) were tested by the AlphaScreen system (see the Materials and Methods). Emission signals generated by reactions of the indicated combinations of FLAG-tagged proteins and biotinylated DNAs were measured. Signals generated by reactions of the indicated combinations of FLAG-tagged proteins and corresponding non-biotinylated DNAs were also measured. Signals generated by mock reactions containing only the WGE, biotinylated DNAs and non-biotinylated DNAs were measured. Relative signal values were calculated as ratios of signals generated by biotin DNAs to those generated by non-biotin DNAs. Bars represent the mean ± SE of triplicate experiments. under our assay conditions. These results suggest a molecular interaction between the AS2D protein and the direct repeat of the core DNA. Incubation of the full-length AS2 protein that was fused with FLAG at the C-terminus and any of the DNAs in Fig. 3B did not generate detectable signal levels (our unpublished data).
Binding of AS2D to the ETT/ARF3 genomic sequence. For the binding test with the ETT/ARF3 genomic DNA, we searched for DNA sequences that are similar to the core sequence (5'-GCGGC G-3' and 5'-CGCCGC-3') within the entire genomic region at positions -2,987 to +3,413 from the start codon. We found only one perfectly matched sequence, CGCCGC, at position +264 in exon 1 (Fig. 4A, B) , and no GCGGCG sequence in this region. We searched for genomic sequences that included five nucleotides in the core motif, and found the CGCCGA sequence in exon 3 at position +1,096 and the GGCCGC sequence in exon 10 at position +2,727. We also searched for genomic sequences that include four nucleotides in the core motif, and found the TCGGCT sequence in exon 6 at position +1,662 and two sequences, TCGGCA and ACGGCT, in exon 10 at positions +2,822 and +3,045, respectively. Finally, we found the CG CCGTsequence, which includes five nucleotides in the core motif, at position -1,444 in the untranslated region. As depicted in (Fig. 4B) , we synthesized biotinylated and non-biotinylated DNA fragments of 50 nucleotides including these core-related sequences (designated Noncod_-1444 for DNA in the noncoding region; Ex1_264 for DNA in exon 1; Ex3_1096 for DNA in exon 3; Ex6_1662 for DNA in exon 6; Ex10_2727 for DNA in exon 10; Ex10_2822 for DNA in exon 10; and Ex10_3045 for DNA in exon 10, respectively) ( Fig. 4B) and mutant Ex1_264 DNA fragments (designated Ex1_264 m), in which the CGCCGC sequences were replaced with ATAATA sequences. We examined whether AS2D-FLAG and as2(4CA)D-FLAG proteins could bind to these genomic DNA fragments by using the AlphaScreen system. Fig. 4C shows that incubation of AS2D-FLAG and the Ex1_264 DNA generated a high signal level. Incubations of AS2D-FLAG and the Ex1_264 m DNA and other genomic DNAs did not generate significant signal levels (Fig. 4C) , Incubation of the mutant protein as2(4CA)D-FLAG and any DNAs, including Ex1_264, did not generate detectable signal levels. We examined whether AS2D-FLAG could physically bind to the biotinylated Ex1_264 DNA by pull-down assay with streptavidin-conjugated donor beads (see the Materials and Methods). The result showed the physical interaction between AS2D-FLAG and the Ex1_264 DNA (Fig. 4D) . These results suggest that the AS2 domain binds to the Ex1_264 DNA, which is mediated by the interaction between the ZFL-motif of AS2 and the core motif. The binding of AS2D-FLAG to the Mcore repeat could not be detected with the pull-down assay; this might be due to the weaker binding affinity. We used the WRKY18 transcription factors as a positive control, since its target oligomer had been reported (Lebel et al. 1998 , Xu et al. 2006 , Kesarwani et al. 2007 , Pape et al. 2010 . As shown in Fig. 4D in lane 11, physical binding of N-terminal-FLAG-WRKY18 protein to its target oligomer was observed. Note that the Ex1_264 fragment contains the G residue next to the 3' end of the Core sequence to generate CGCCGCG that contains three CpG repeats.
The AlphaScreen system that we adopted in the present binding test may have limitations for assaying the interaction between DNA and a protein. For example, the positions of target sequences in DNA fragments should be critical in general: the sequences to be examined should be placed between the middle and the 3' end of DNA fragments, which allows detection of sufficient signals generated by the interaction of the donor beads with the acceptor beads. Therefore, we cannot exclude the possibility that other regions in the 50 nucleotide sequences we used here could have binding affinity for the AS2 domain.
Discussion
Multiple pathways mediated by AS2, RH10 and NUC1, including positive and negative interactions, are implicated in the maintenance of methylation Genetic and expression analyses carried out with double and triple mutants including as2-1, rh10-1, nuc1-1, rid2-1 and ett-13 imply that certain molecular interactions between AS2 and the nucleolar proteins RH10, NUC1 and RID2 might function in the partitioning of leaf adaxial-abaxial domains and repression of expression of the abaxial-determining gene ETT/ARF3 (Iwasaki et al. 2013 , Matsumura et al. 2016 ; Fig. 1 ). In the present study, we examined roles of AS2 and RH10 and NUC1 in maintenance of six highly methylated CpG dinucleotides in exon 6 with the165 nucleotide sequence of the ETT/ ARF3 coding region. The present results have shown that AS2, RH10 and NUC1 are positively involved in the maintenance of methylations in five out of six methylated CpG sites. Each of these proteins seems to be differentially involved in the maintenance of several specific combinations of CpG sites. These results imply that the molecular events of CpG methylation in exon 6 are achieved by differential actions of AS2, RH10 and NUC1.
Since genomic DNAs used in the present analysis were prepared from whole aerial parts of plants 14 d after sowing, the genomic DNAs should be derived from developmentally distinct cells, implying that the present data of methylation analyses with as2-1, rh10-1 and nuc1-1 mutants might reflect average values obtained from DNAs of mixed cells with different developmental states. The results of the analyses with as2-1 rh10-1 and as2-1 nuc1-1 double mutants, however, suggest strong genetic interactions between these mutations. For example, a typical result to support this suggestion should be the observation that the level of methylation at the CpG site at 6a in exon 6 was greatly reduced (26.6%) in as2-1 rh10-1 as compared with methylation levels in single mutants (79.1% in as2-1; 90.1% in rh10-1); a marked decrease in methylation at 6f in as2-1 (3.8%) was rescued by nuc1-1 (83.2%) in the as2-1 nuc1-1 double mutant (78.4%). We have also reported that these double mutations of as2-1 rh10-1 and as2-1 nuc1-1 synergistically enhance the level of ETT/ARF3 transcript, which causes much more severe leaf phenotypes than those of single mutants, suggesting genetic interactions among these Numbers above the DNA sequences correspond to distances of the 5' ends of genomic sequences from the start codon. Sequences that exhibit the highest similarities to the core motif in the coding region are shown in bold. Note that exon 1 contains the sequence of the core motif (designated Ex1_264). We replaced the core motif with the ATAATAT sequence to generate the mutant DNA (designated Ex_264 m).
factors (Matsumura et al. 2016) . Therefore, it might be difficult to explain the present results by hypothesizing heterogeneity of genomic DNAs prepared from developmentally distinct cells in these mutants, although the cells from which DNAs were prepared should be heterogeneous, as described above. It would be intriguing to elucidate the mechanism that operates in differential methylation at CpG sites in exon 6 by actions of AS2 and these nucleolar proteins.
In both as2-1 and rh10-1 single mutants, methylation levels at two CpG sites (6d and 6f in Fig. 2C, D) were decreased. These results suggested that AS2 and RH10 might share, at least in part, a common pathway to maintain the methylations at these specific CpG sites. Since the methylation level at site 6c was also decreased in both as2-1 and nuc1-1, AS2 and NUC1 might also share a common pathway to maintain the CpG methylation at 6c. The methylation level at 6c was not decreased in rh10-1. These observations predict that there might be at least two pathways which are independently involved in the maintenance of methylations at 6d-6f (the 6d-6f pathway involving AS2 and RH10) and in that of methylation at 6c (the 6c pathway involving AS2 and NUC1). Since the strong reduction in methylation at 6a was observed in the as2-1 rh10-1 double mutant, the methylation at 6a might be controlled by two independent and parallel pathways mediated by AS2 and RH10, respectively, suggesting an interaction of the pathway mediated by these genes. In addition, the methylation at 6a might also be controlled strongly by NUC1 alone. Interestingly, the methylation at 6f is sufficiently controlled by AS2, and this process should be affected by NUC1 because the abolishment of methylation by as2-1 was almost completely rescued by the nuc1-1 mutation. This suggests the involvement of a tight negative interaction between AS2 and NUC1, whereby AS2 might repress NUC1 from upstream, which might in turn repress a positive reaction for the methylation at a position further downstream. The methylation at 6b was independent from these factors.
AS2 belongs to the AS2/LOB protein family that is plant specific and includes at least 42 members. The ZFL-motif is highly conserved in all of the members. It would also be interesting to investigate roles of other members in the context of gene body DNA methylation and the nature of DNA binding.
Correlation between the ETT/ARF3 gene body methylation and its expression
We have previously reported that the transcript levels of ETT/ ARF3 increase significantly in the background of met1, in which methylation at all six sites is also abolished, which implies the involvement of MET1 in cytosine methylation at all sites and an inverse correlation between expression and methylation (Iwasaki et al. 2013 ). In addition, the reduced levels of methylation at two CpG sites (6a, and 6d) were further decreased in the as2-1 rh10-1 double mutant, and the number of CpG sites at which methylation levels were significantly decreased (6a, 6c, 6d and 6f) was increased (Fig. 2) . These results also suggest parallel relationships among the reduction in the CpG methylation level, the increase in ETT/ARF3 transcripts and the enhancement of leaf abnormalities (Matsumura et al. 2016) . These results are also in line with the hypothesis that the methylation at CpG sites in exon 6 might contribute at least in part to ETT/ ARF3 repression. Although effects by as2-1 nuc1 double mutation on the overall methylation levels were not obvious, NUC1 participates in the methylations at two CpG sites (6a and 6c in Fig. 2C, D) . It has been reported that NUC1 is also required for DNA methylation in the regulatory region of rRNA transcription and is involved in the silencing of rDNAs to be inactive in Arabidopsis (Pontvianne et al. 2010) . Recently, it has been reported that a significant proportion of expressed genes are negatively controlled by gene body DNA methylation at CpG dinucleotides through functions of histone H3.3 (Wollmann et al. 2017) . Regulatory mechanisms for more individual genes that are developmentally and environmentally controlled should be elucidated in the context of gene body methylation. In our laboratory, analyses of ETT/ARF3 variants with synonymous mutations at methylated CpG sites in exon 6 are being carried out, which will provide useful information on clear relationships between these molecular and developmental events.
Possible mechanisms of ETT/ARF3 DNA methylation mediated by AS2, RH10 and NUC1
The AS2, RH10 and NUC1 proteins do not have DNA methyltransferase activity, although they are positively involved in maintenance of cytosine methylation at six CpG dinucleotides in exon 6 of ETT/ARF3. How, then, can these factors be involved in the maintenance of DNA methylation in exon 6? As described in the previous section, MET1 could be responsible for the methylation in exon 6. MET1 is an Arabidopsis homolog of vertebrate Dnmt1, which has activity to methylate hemimethylated CpG, converting it to methylated CpG during DNA replication, and is part of a protein complex that is involved in the maintenance of DNA methylation (Long et al. 2013 , Nishiyama et al. 2013 , Song et al. 2015 , Zhang et al. 2015 , Du et al. 2016 , Ferry et al. 2017 . MET1 has sequences homologous to those of methyltransferase (Finnegan and Dennis 1993) Relative signal values were calculated as described in (C). Bars represent the mean ± SE of triplicate experiments. (D) Examination for physical interaction of the AS2D-FLAG protein with Ex1_264 DNA. Core repeat DNA, and the WARKY target as a control. Input lanes show each protein solution before pull-down. Streptavidinconjugated beads were incubated with biotinylated or non-biotinylated DNAs as indicated below the gel photograph, before incubation with AS2D-FLAG proteins. After recovering proteins from streptavidin-conjugated beads, a Western blot with anti-FLAG antibodies was performed to detect the AS2D-FLAG protein. When the Ex1_264 DNA was used, AS2D-FLAG was detected. The combination of the WRKY18 target oligonucleotide and FLAG-WRKY18 protein was also used for the positive control. and two other domains present in Dnmt1 (Ryazanova et al. 2012) . Nevertheless, MET1 has no sequence that could encode the domain corresponding to the ZF-CxxC of Dnmt1, which directly binds to unmethylated CpG dinucleotides (Song et al. 2011 , Long et al. 2013 . If a protein complex including AS2 and MET1 would be hypothesized, AS2 might provide the ZFLmotif, which is similar to the ZF-CxxC of Dnmt1, to the MET1-containing protein complex. It has been reported that the ZFCxxC domain of Dnmt1 and sequences adjacent to the ZFCxxC play roles in inhibition of the methyltransferase activity of Dnmt1 (Song et al. 2011 , Long et al. 2013 , Zhang et al. 2015 , preventing de novo methylation of unmethylated CpG dinucleotides (Song et al. 2011) . Since AS2 binds to the CpG sequences in exon 1 of ETT/ARF3, which are not methylated (Zhang et al. 2006 , Cokus et al. 2008 ), AS2 might play a similar inhibitory role in CpG methylation in exon 1. In the present study, our results show, however, that AS2 acts as the positive factor for maintaining CpG methylation in exon 6. As described below, VIM proteins, which have the ability to bind to hemi-methylated CpG, might be candidate factors that are involved in CpG methylation in exon 6 (Yao et al. 2012 , Kim et al. 2014 .
In Arabidopsis, it is worth noting that AS2, AS1, NUC1, RH10 and MET1 are localized in the nucleolus and/or its peripheries, and physical and functional interactions between these proteins have been reported , Petricka and Nelson 2007 , Pontvianne et al. 2007 , Matsumura et al. 2016 ). The regulatory regions of inactive rDNAs are highly methylated by MET1 and organized in heterochromatic states, and MET1 requires NUC1 and nucleolar histone deacetylase HDA6 for the methylation (Pontvianne et al. 2010 , Pontvianne et al. 2013 . MET1 directly interacts with HDA6 , which is also associated with AS1 and AS2 (M. . AS2 forms the nucleolus-associated speckles designated AS2 bodies, which include AS1 protein, and are involved in proper leaf development . These physical and functional interactions might provide a spatial basis for the methylation in exon 6 by MET1.
In contrast, the maintenance of cytosine methylation might also be achieved by the inhibition of a de-methylation process for methylated CpG. If AS2 has a capacity to bind methylated CpG sites, they might be protected from this de-methylation. This possibility could be tested using methylated CpG dinucleotides as substrates.
Is the AS2 binding to exon 1 related to CpG methylation in exon 6? Although Dnmt1 of vertebrates binds hemi-methylated CpG dinucleotides, it also binds to unmethylated CpG dinucleotides (Gruenbaum et al. 1982 , Yoder et al. 1997 , Song et al. 2011 , Schrader et al. 2015 , Zhang et al. 2015 . Therefore, we examined whether AS2, a positive regulator for maintaining DNA methylation, could interact with unmethylated CpG dinucleotides in vitro. Although the binding of AS1, an AS2-interacting molecule, and that of AS2 to exon 1 of ETT/ARF3 have been reported (Iwasaki et al. 2013 , O'Malley et al. 2016 , interacting sites between exon 1 and AS2 protein have yet to be reported.
The present results have shown that AS2 strongly binds in vitro the short sequence containing a three-CpG repeat in exon 1 of ETT/ARF3, which requires the ZFL-motif of AS2. This observation in the present study is consistent with the finding that the ZF-CxxC domains of Cfp1, Dnmt1 and Kdm bind to the CpG dinucleotide (Long et al. 2013) .
It could also be hypothesized that AS2, which binds to exon 1 in the ETT/ARF3 locus, might play an inhibitory role in CpG methylation in exon 1: AS2 binding to these CpG dinucleotides might prevent MET1 from acting on the potential substrates in exon 1 and/or nearby exons. If AS2 forms a complex with MET1, AS2 might recruit MET1 to exon 1 and, subsequently, MET1 in the complex could be transferred by an unknown mechanism to exon 6 that might contain hemi-methylated CpG dinucleotides created after DNA replication of the ETT/ARF3 locus. This hypothesis might explain AS2-dependent methylation of CpG sites (6c, 6d and 6f) in exon 6, because other sites are methylated in the as2-1 mutant (Fig. 2) . As regards methyltransferase activity of Dnmt1, it requires binding to the SRA (SET and RING finger-associated) domain of Uhrf1, which has the ability to bind to hemi-methylated CpG dinucleotides (Song et al. 2011 , Nishiyama et al. 2013 , Berkyurek et al. 2014 . In order to understand a role for AS2 in the maintenance of methylation in exon 6, it should be important to examine how efficiently AS2 could bind to hemi-methylated CpG dinucleotides in addition to unmethylated CpG dinucleotides.
In addition, it should be informative that factors, which might interact with AS2 protein, are isolated and characterized at the molecular level. The VIM1 protein, which is an Arabidopsis homolog of Uhrf1 and includes the SRA domain, binds to hemi-methylated CpG in a MET1-dependent manner and is also a prerequisite for maintenance methylation mediated by MET1 (Yao et al. 2012 , Kim et al. 2014 . The molecular mechanism whereby these proteins interact with each other, however, is unknown in plants. Future challenges will include investigations of molecular relationships among AS2, MET1, VIMs and replication factors.
Alternatively, the AS2 binding we observed might not be related to CpG methylation; rather, AS2 might be involved in the direct repression of ETT/ARF3 expression through its binding to the CpG repeat in exon 1 at transcriptional and/or translational steps. This possibility could be tested by using the wheat germ in vitro translation system.
Materials and Methods

Plant materials and growth condition
Arabidopsis thaliana ecotype Col-0 (CS1092) and the mutant as2-1 (CS3117) were obtained from the Arabidopsis Biological Resource Center (ABRC). We outcrossed as2-1 with Col-0 three times and used the progeny for our experiments . Details of ett-13 and arf4-1 (Pekker et al. 2005) , rh10-1, as2-1 rh10-1 (Matsumura et al. 2016) , nuc1-1 , Durut et al. 2014 ) and as2-1 nuc1-1 (Matsumura et al. 2016) were described previously. rh10-1 and nuc1-1 were on the Col-0 background. For phenotypic analyses, seeds were sown on soil. After 2 d at 4 C in darkness, plants were transferred to a regimen of white light at 50 mmol m -2 s -1 for 16 h and darkness for 8 h daily at 22 C, as described previously (Semiarti et al. 2001) . Ages of plants are given in terms of number of days after sowing.
Genomic DNA extraction DNA was extracted from about 100 mg of the whole aerial part of 14-day-old plant seedlings. The plant samples were frozen in liquid nitrogen and then crushed into powder in a mortar. Total DNA was isolated with a DNeasy Plant Mini Kit (QIAGEN) according to the manufacturer's instructions.
Bisulfite treatment and sample preparation for sequencing
Approximately 300 ng of genomic DNA was used for bisulfite conversion with the EZ DNA Methylation-Gold kit (Zymo Research). Immediately after the conversion, we amplified the fragments of interest by using the Epitaq bisulfite kit (TAKARA BIO INC.). The PCRs were carried out with different sets of primers for each DNA sample. Primer sets are listed in Supplementary Table S2. A sequence of four different nucleotides, hereinafter referred to as the 'index,' was added to the 5' end of the primers in order to identify the original DNA sample of the sequences during sequencing (Supplementary Table S2 ). We targeted ETT exon 6, ETT exon 9, ETT exon 10 and the AP1 promoter region. The primers were designed specifically to target the coding strand (Iwasaki et al. 2013; Supplementary Table S2) . The conversion of each DNA sample was tested for completeness by using the APETALA1 promoter, a region previously shown to be non-methylated (APETALA1, AT1G69120). A solution containing approximately the same amount of each fragment from each DNA sample was prepared and purified with a WIZARD SV Gel and a PCR Clean-up System kit (Promega) to eliminate small DNA fragments, according to the manufacturer's instructions. The purified solution was then adjusted to a concentration of 200 ng ml -1 of DNA and a volume of 20 ml.
NGS
The KAPA HyperPlus Library Preparation Kit (Kapa Biosystems) was used to prepare a sequencing library. A 500 ng aliquot of DNA was subjected to the End Repair and A-Tailing reaction, according to the Kapa HyperPlus Library Preparation Kit specification. The DNA ligase mix including annealed adaptor was added to the A-tailed library. The library products were purified with AMPure XP beads (La Jolla Institute Next Generation Sequencing Facility) to remove adaptor dimers. After four-cycle PCR amplification, the library products were purified with AMPure XP beads. Libraries were sequenced on an Illumina MiSeq system with a MiSeq Reagent Kit v3 (Illumina Inc.) generating 2 Â 300 bp paired-end sequences.
Data processing
We used Fast Length Adjustment of Short reads (FLASH) proposed by Magoč and Salzberg (2011) to combine paired reads. FLASH has two important parameters: m, the minimum overlap length; and M, the maximum overlap length. In this study, parameter m is set to 70 and M is set to 240, according to the expected sizes of PCR products. A total of 19,481,435 sequenced read pairs were first combined by FLASH, and then 16,024,086 combined reads were constructed. The combined reads were filtered on the basis of the expected sizes for each PCR product. Furthermore, we determined the direction of each filtered sequence on the basis of pairs of PCR primers and of the classified sequences on the basis of each pair of the 4 bp indexes that we designed. A total of 7,942,143 sequences remained following these processes. We selected 7,001,947 sequences with a sequence error rate <1%. All programs, except for FLASH, were written in R (www.r-project.org). We also used R libraries, sangerseqR (Hill et al. 2014) , CrispRVariants (Lindsay et al. 2016) , ShortRead (Morgan et al. 2009 ), Biostrings and seqinr (Charif and Lobry 2007) . Among the 7,001,947 selected sequences, 3,880,195 sequences corresponding to ETT/ARF3 exon 6, 9, 10 and the AP1 promoter in Col-0, as2-1, rh10-1, nuc1-1, as2-1 rh10-1, as2-1 nuc1-1 plants were used for determination of methylation.
In vitro protein-dsDNA interaction assay
The amplified luminescence proximity homogeneous assay was performed using an AlphaScreen Õ FLAG Õ (M2) Detection Kit provided by Perkin Elmer (Eglen et al. 2008 , Hornung et al. 2009 , Tokizawa et al. 2015 to show the interaction of the AS2/LOB domain of AtAS2 with dsDNAs designed from the literature and the ETT/ARF3 gene locus. The C-terminal FLAG (DYKDDDDK)-tagged proteins were expressed in wheat germ extract (WGE) from in vitro transcribed mRNA obtained from PCR-generated cDNA (Nomoto and Tada 2018) . The peptide corresponds to amino acid residues 1-119 of AS2 protein fused with FLAG and hereinafter referred to as AS2D-FLAG. We also expressed a mutated protein in which the cysteine residues C10, C13, C20 and C24 were turned into alanine residues, referred to as as2(4CA)-FLAG. The protein quality (i.e. efficient synthesis with the expected molecular mass) was confirmed by Western blotting analysis with an anti-FLAG antibody. The proteins were diluted 2.8-fold before being used in the assay at a 5.6 dilution in a final volume of 25 ml. Biotinylated 50-mer ciselements and the non-biotinylated complementary fragments were obtained from Eurofins (Supplementary Table S2 ). A 20 ml aliquot of 50 mM biotinylated oligonucleotide (sense strand) or non-biotinylated sense strand and the same volume of 50 mM antisense oligonucleotide were mixed and incubated at 60 C for 20 min, followed by an overnight incubation at room temperature to obtain the biotinylated double-stranded nucleotides. The FLAG-tagged proteins and dsDNA were mixed with 10Â control buffer provided in the kit, 0.1% (v/v) Tween-20 (Sigma-Aldrich) and 10% (w/v) bovine albumin serum (BSA) in MilliQ-water and then incubated for 1 h at room temperature. Acceptor beads coated with anti-FLAG antibody provided in the kit were then added to the reaction mix and incubated for 1 h at room temperature. Under subdued laboratory lighting (dark room), the streptavidin donor beads were added to the reaction mix and incubated for 1 h in the dark at room temperature. The final volume of 25 ml comprised 1Â phosphate-buffered saline (PBS), 0.005% Proclin-300, 0.01% (v/v) Tween-20, 0.1% (w/v) BSA, 5.8-fold diluted proteins, 50 nM dsDNA, 500 ng of acceptor beads and 500 ng of donor beads. The AlphaScreen signals (chemiluminescence between the donor and the acceptor beads conjugated by the binding of labeled AS2/LOB domain and dsDNA oligos) were determined with the Spark 10 M plate reader (TECAN). The AlphaScreen signals for the control (nonbiotinylated) dsDNA oligos in the labeling step were used to estimate the background luminescence. WGE without expressed proteins was used to estimate the luminescence caused by endogenous wheat germ protein interactions with the assay. Relative AlphaScreen signals were defined as the ratio of luminescence of the biotinylated dsDNA oligos to the background.
In vitro pull-down analysis
Invitrogen Dynabeads
Õ M-280 are streptavidin-coated magnetic beads that can be used to trap biotinylated molecules for multiple purposes (Kobayashi et al. 2009 , Kalb et al. 2015 , So et al. 2016 . We used them to capture biotinylated DNA and checked whether AS2D-FLAG could bind to this DNA. We used nonbiotinylated beads to make sure that the DNA does not bind directly to the beads in detectable amounts. A 25 ml slurry of Dynabeads Õ M-280 Streptavidin (Invitrogen) and 0.6 ml of 25 mM biotinylated cis-element were suspended in 200 ml of Buffer A [1Â PBS and 0.01% Tween-20 (w/v) (Sigma-Aldrich)], and rotated at room temperature for 1 h. The beads were isolated from the supernatant on a magnetic bench and washed three times with 1 ml of Buffer A, and then further rotated in 200 ml of Buffer B [1Â PBS, 0.01% (w/v) Tween-20 and 0.1% (w/v) BSA] at room temperature for 1 h to saturate the beads and prevent non-specific binding. A solution comprising 775 ml of Buffer B and 5 ml of a FLAG-tagged protein expressed in WGE (2.8-fold dilution) is then added to the beads and the mixture is incubated under rotation at 4 C for 2 h. The beads were then isolated from the supernatant on a magnetic bench, washed three times with 1 ml of Buffer A and incubated in 30 ml of sample buffer [75 mM Tris-HCl, pH 6.8, 15% (w/v); glycerol, 0.03% (w/v); bromophenol blue, 3% (w/v); SDS; and 200 mM dithiothreitol] at 70 C for 20 min. Samples were then subjected to SDS-PAGE together with the input, the FLAG-tagged proteins in Buffer B before the addition to beads. The immunoblotting for FLAG-tagged proteins was performed using an anti-FLAG antibody.
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Supplementary data are available at PCP online.
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